Re´sume´-É valuation expe´rimentale de la dure´e de vie de la batterie dans le programme de recherche SIMSTOCK -La stabilite´dans le temps des performances des syste`mes embarque´s de stockage d'e´nergie (Energy Storage Systems, ESS) est un enjeu majeur pour une diffusion massive et le succe`s des ve´hicules e´lectrifie´s, hybrides et e´lectriques. L'affaiblissement de la capacite´et l'augmentation de la re´sistance interne due au vieillissement affecteront directement l'autonomie du ve´hicule et ses performances. Par conse´quent, la pre´vision du vieillissement des ESS reste un domaine important de recherche. Atteindre cet objectif implique des recherches fondamentales sur les mate´riaux, l'expe´rimentation, la simulation et la conception. Ce papier de´crit les principaux re´sultats du programme de recherche collaboratif SIMSTOCK qui s'est de´roule´pendant 3,5 anne´es avec un budget de 4,2 M € et qui s'est termine´a`l'automne 2011. Ce programme a implique´15 partenaires parmi lesquels, des laboratoires de recherche, des fabricants d'ESS, des fournisseurs de composants de ve´hicules et des constructeurs automobiles et il a be´ne´ficie´du soutien de l'ADEME. Cet article se concentre principalement sur la mode´lisation et la simulation d'une cellule lithium-ion haute puissance teste´e dans ce programme. En premier lieu, est de´crit l'e´laboration d'un mode`le nume´rique de circuit e´lectrique e´quivalent de la batterie, associe´a`un outil de calibration et a`sa validation expe´rimentale. En second, sont pre´sente´es la construction d'un plan d'expe´riences, son utilisation et sa validation, pour la de´finition des expressions mathe´matiques repre´sentant les e´volutions des parame`tres du mode`le de batterie en fonction du vieillissement de la batterie. Ensuite le papier de´taille la me´thode mathe´matique cre´e´e dans le but de prendre en compte le cycle et les effets calendaires sur les caracte´ristiques de la batterie lors des expe´riences sur bancs. Enfin, le mode`le de batterie est inte´gre´dans un mode`le complet du ve´hicule hybride dans la plateforme de simulation Imagine Lab AMESim, afin de de´terminer, avec des conditions de conduite re´alistes, l'impact du vieillissement de la batterie sur la performance du ve´hicule et la consommation de carburant. Oil & Gas Science and Technology -Rev. IFP Energies nouvelles, Vol. xx (2013) 
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INTRODUCTION
Car manufacturers and tier one suppliers are unveiling more and more optimized vehicles which combine very low Green House Gases (GHG) emissions together with performances in dynamic and range which are equivalent to those of conventional ones. These vehicles rely on internal combustion engines and electricity, implementing different types of hybridization architectures.
These hybrid vehicles, however, share a common limitation regarding the performances of their embedded Energy Storage Systems (ESS) and especially the way their performances may be degraded during vehicle ageing.
Consequently, numerous research programs have been set up worldwide with the aim to analyze the ageing mechanisms, highlight their main parameters and effects and set up proper test procedures [1] [2] [3] [4] [5] [6] [7] [8] . These research programs have enabled the scientists to better understand and forecast battery ageing phenomena for automotive applications.
DESCRIPTION OF THE PROGRAMS
Within the French context, cars manufacturers, suppliers and research labs have joined their efforts to set up a complete research program dedicated to ESS ageing with the following goals: -create a set of validated and updated simulation modules for Hybrid Electric Vehicles (HEV) applications; -take into account the ageing effects in the cell simulation; -include these modules in a system level simulation model, able to forecast the cell ageing and translate it into a vehicle behavior. The SIMSTOCK program, which has been carried out between 2007 and mid 2011, focused on cycling ageing phenomena for HEVs high power batteries and supercapacitors [9, 10] . The project relied on an extremely strong experimental work: 21 battery bench test systems spread among partners were running in parallel for testing three Li-Ion technologies, one Ni-MH and also 3 supercapacitor technologies, representing a cumulated testing time over 160 months. The characterization methods used were capacity measurement, Electrochemical Impedance Spectroscopy (EIS) and time response to pulse profiles. In parallel, a second project SIMCAL has been launched in 2009, involving the same partners with the aim to study, to model and to understand the calendar ageing mechanisms, in a complementary approach [11, 12] .
Several papers have already been released, describing the two projects, the present paper will focus on the battery simulation, on the methods implemented to set up the different equations of battery ageing together with an example of a vehicle simulation case.
The battery studied in this application is a 5.3 Ah lithium-ion battery with LiMn 2 O 4 positive electrode and carbon based negative electrode.
BATTERY MODEL AND ASSISTANT TOOL PRESENTATION

Theory Associated to the Simulation of Battery
The numerical model, developed in the frame of SIMSTOCK program, has to be able to calculate the dynamical voltage response (U)ofthebatteryasafunction of input current (I)andtemperature(T). The first parameter to be taken into account in a battery model is its Open Circuit Voltage (noted OCV), which represents the voltage of the battery at its thermodynamical equilibrium. Then, the voltage drops, known as overpotentials or overvoltages, caused by the charge transfer (noted g CT ), the diffusion (noted g diff ) and the ohmic losses (noted g X ) have also to be considered. Consequently, the formula used in the present model to determine the voltage of the battery can be written as follows:
Battery Electrochemical Model
The behavioral model, proposed in this paper, uses the approach of equivalent electrical circuits to simulate the different physical phenomena previously mentioned. The circuit is represented in Figure 1 . In this scheme, the charge transfer is represented by a parallel RC circuit (A: red frame). It is noted that this phenomenon can be neglected for most temporal simulation applications. The OCV is represented by the voltage source (B: cyan frame). The ohmic losses are predicted with the two resistances in parallel (D: blue frame). The presence of anti-parallel diodes makes it possible to use different values of resistance, according to the current direction. Finally, the diffusion is simulated by the serial association of "n" serial RC parallel circuits (C: green frame).
Several parameters therefore have to be filled in to run a simulation with this numerical model, starting with the OCV, the charge and the discharge resistances values (noted respectively Rc and Rd). In order to determine the number "n" of the RC circuits, it has been considered that HEV dynamic usage does not need the longest time constant RC circuits. Measurement acquisition rate makes the shortest time constant components irrelevant for the study. Altogether, a well-chosen single time constant circuit is appropriate for a broad scope HEV battery aging study. Consequently, it is possible to limit the number of parameters characterizing the diffusion behaviour [13] . The parameters of each of the "n" serial RC circuits representing the diffusion can also be derived from an initial set of parameters and "n".
Thus, only two parameters need to be determined to perform a temporal simulation of this phenomenon: the diffusion time constant (noted dtc) and the diffusion steady state resistance (noted dssr) [14] .
Parameterization Assistant Tool
Obtaining those various parameters to implement the present numerical battery model is complex. Moreover, they could present some dependencies on SOC, temperature (T) and possibly current (I). In this context, a parameter identification assistant tool associated with this numerical model has been developed, in order to determine the different parameters and their dependencies.
This assistant tool requires as input data from measurements the input current applied to the battery and the corresponding voltage response. These experimental characterizations have to be recorded under a large range of SOC and current at different temperatures. Then, under those various conditions, every model parameter necessary for the implementation of a temporal simulation (OCV, Rc, Rd, dtc and dssr) is computed by the parameterization assistant tool. The principles of this identification are described in [14, 15] . The data output is in the form of 2D and 3D table files representing, respectively, the OCV, ohmic resistances and diffusion parameters, with their dependencies on SOC and I at a given temperature. These parameter files are stored in a format directly readable by the LMS Imagine Lab AMESim platform.
BATTERY AGEING FOLLOW UP
In the frame of SIMSTOCK program, batteries are tested experimentally in order to follow the evolution of their behavior according to specific ageing conditions. A protocol is used at the beginning of life and then at regular period of time in order to monitor battery performances (capacity decrease and impedance increase). This characterization protocol consists in a capacity measurement of each cell, an Electrochemical Impedance Spectroscopy (EIS) and the voltage response to current pulses at different SOC. Thus, for given ageing conditions, the voltage response of a battery to this current pulses profile, can be represented as in Figure 2 .
The parameterization assistant can be used to perform identification for each of the previous protocols in order to obtain the evolution of the different parameters (OCV, Rc, Rd, dtc and dssr) of the numerical model as a function of SOC, current and battery's ageing time.
Finally, at the end of all ageing cycles and characterization protocols, a database for all parameters (OCV, Voltage response of a Li-ion battery at different times during its ageing in cycling (T:5 0°C; DSOC: 40%; Id: 130 A; CT: 650 As) [14] .
A B C D Figure 1 Battery equivalent electrical circuit.
Rc, Rd, dssr and dtc) of the numerical model will be available. From this database and thanks to the theory of the design of experiment used in SIMSTOCK program it will be possible to determine the ageing laws for each parameter of the model. The numerical model will then be adapted to take the evolution of these parameters into account for given simulation's operating conditions.
EXPRESSION OF CAPACITY AGEING BEHAVIOUR
Representation of the Ageing
The principle of the exploitation of the measurements is to establish the expression of the measured capacity Q, with respect to the variable Y representing at best the ageing, and the conditions in which the tests were performed. The capacity considered is the "useful" capacity, representative of the SOC range were performances are met (based on some reference duty cycle, etc.). This accounts for both capacity loss and resistance growth in a balanced manner. The variables representing the ageing can be number of the micro cycles, accumulated Ah, or calendar time.
The tests were performed for different conditions of current, temperature, Ah throughput and SOC variations, respectively designated by X 1 , X 2 , X 3 , X 4 . Each of these parameters has two values (a min and a MAX) [9] . The design of experiment established showed that at least 11 different tests were necessary to determine the coefficients of the polynomial expression representing the ageing (Tab. 1).
Initially, this polynomial expression was composed of 11 terms, as a combination of parameters described in:
However, the numerical determination of these 11 coefficients was very sensitive to error, noise, scattering of values within a set of data.
Some of the cross-terms X i .X j did not have any real physical interpretation, and could lead to numerical divergences when extrapolations are performed outside of the experimental domain.
Therefore, this polynomial expression was simplified, by keeping only the main independent terms, in order to have a better numerical robustness:
FY ðÞ ¼ y 00 þ y 01 :X 1 þ y 02 :X 2 þ y 03 :X 3 þ y 04 :X 4 ð3Þ
The microcycles had different duration and Ah throughput, therefore it was not relevant to consider the number of microcycles as the variable representing the ageing (Fig. 3) .
The variable Y representing the ageing was then considered as the cumulated ampere.hours (Fig. 4) . However, it was observed that the capacity fade according to cumulated Ah was greater for a smaller current and Ah throughput (test 01 and test 08) which is not the expected behavior. Figure 3 Measured capacity fade versus microcycles.
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Battery ageing is usually the consequence of two combined effects: operating conditions (cycling ageing) and also storage conditions (calendar ageing). Therefore, time should be the variable representing the ageing. Indeed, for a given cumulated Ah value, test performed with the lower current lasts more time than the test performed with the higher current. So, when represented on the same time scale, the two capacity fades (test 01 and test 08) become equivalent (Fig. 5) . Then, the capacity evolution presents a sharper drop, with a greater fade for the testing condition with the highest current and Ah-throughput, which is the expected behavior. Two distinct phenomenons should be represented in the modeling.
The works of Smith et al. [16] present a description of these two distinct behaviors: they give an expression of capacity fade that includes a time-dependent term corresponding physically to the loss of lithium concentration and another term depending on the number of cycles corresponding to the active material degradation and mechanical fracture (Fig. 6 ).
These two phenomenons are not added; capacity is the minimum of the two of them.
In the approach of NREL, the ageing conditions remain fixed throughout the ageing process. However, in cases of usage scenarios applied to vehicles, the conditions of current, temperature, Ah-throughput and range of SOC will change. It is therefore necessary to take into account these variations, by representing, not directly the capacity, but the capacity variation and calculating the capacity by integration over time.
Thus, a differential approach, taking into account the capacity variation after each elementary solicitation on the battery was adopted in this modeling.
The experimental data of ageing batteries achieved during SIMSTOCK program were not always sufficient to characterize fully the part of the active material structure degradation Q active as a function of the number of cycles; this would have required extending the measurements below 70% of the initial capacity, which was not possible within the project timeframe.
The following part will focus on the representation of the capacity fade due to the lithium losses Q li .
For each test j, the equations governing the evolution of capacity are as described in (4):
¼ a j with a j ¼ a 00 þ a 01 :X 1;j þ a 02 :X 2;j þ a 03 :X 3;j þ a 04 :X 4;j ð4Þ
Estimation of the Ageing
For current, Ah-throughput and SOC variation, the values of the testing parameters min and MAX are chosen Tests   02  03  04  05  06  07  08  09  10  11 02 000 4 000 6 000 8 000 10 000 12 00014 000 16 000 Cumulated Ah Capacity (-) Figure 4 Measured capacity fade versus cumulated Ah. Measured capacity fade versus time.
Resistance growth
Relative capacity
Calendar fade SEI growth (partially suppressed by cycling) Loss of cyclable lithium a 1 (∆DOD,T,V)
Cycling fade Active material structure degradation and mechanical fracture a2(∆DOD,T,V)
Figure 6
Expressions of resistance and capacity fade.
so that MAX =29 min. For temperature, it is assumed that under a certain value T 0 , the ageing has little effect.
Min and MAX are then expressed in a normalized format within [0.5, 1], so that 0 would correspond the absence of value.
The coefficients a 00 , a 01 , a 02 , a 03 , a 04 (Tab. 3) are determined by minimizing the error of the estimation over the 11 tests of Table 1 .
The analysis of the numerical values shows, for this electrochemistry of batteries, that: -the predominant effect is temperature; -the effect of Ah throughput is greater than the one of current; -without stress, the coefficient a 00 is positive, the battery will regain capacity at low temperature. The first results of the model can then reproduce the behaviour of the first part of the experimental measurements as shown in Figure 7 . Investigations are still under progress to represent the linear part presented in Figure 6 .
It can also represent usage scenarios for which each request for a time increment under the conditions (X 1 , X 2 , X 3 , X 4 ) contributes to ageing.
The simulation in Figure 8 shows capacity recovery when including rest periods within cycling periods. Similar results have been observed experimentally by Dudezert [17] and by Badey [18] for different cells, when including rest periods within cycling periods. Further work will investigate more deeply the reproduction of such phenomenon with the model that has been established.
A similar approach has been applied to the capacity measurements in the SIMCAL program, as illustrated in Figure 9 , with calendar ageing under different conditions of temperature and state of charge, considering that current and Ah-throughput are equal to zero.
Thus, the modeling approach of the capacity fade in the SIMSTOCK project offers direct compatibility with the results of the SIMCAL Project.
The model gives good results between the values 0 and MAX of each parameter. So far, it cannot be extrapolated below T 0 =3 0°C.
More of experimental measurements are available within SIMCAL project according to temperature and state of charge. It will allow, in further work, to represent more accurately the dependence of the capacity fade to temperature and SOC, and re-introduce these results into a more comprehensive expression of the capacity fade.
These results then will be applied to the usage scenario of a vehicle.
RESULTS EXPLOITATION
Objective
As already mentioned, the aim of the SIMSTOCK and SIMCAL projects is to enable the final users, Original Equipment Manufacturers (OEM), suppliers and battery manufacturers to be able to evaluate the ESS behavior during vehicle use. Consequently, the final step is to integrate the results of the measurements exploitation Time (h) Capacity (-) Figure 7 Modeling of capacity fade versus time.
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described above in a process that will enable to forecast battery pack capacity fade and internal resistance increase throughout the entire vehicle life. When the on-going SIMCAL program will end, the procedure will take into account the combination of cycling and calendar ageing, then corresponding to the actual case in the vehicle. Meanwhile, the procedure described in this paper will consider the results of the cycling tests only, keeping in mind that these results already account for a part of calendar ageing appearing during the cycling tests, as already mentioned.
Implementation
The first step is to establish a simulation scheme of the hybrid vehicle with its components properly sized according to the specification of the vehicle program of demand. The AMESim platform, with the ESS electrochemical model described in Section 3, has been implemented. The HEV considered in our example is a parallel pre-transmission with a 43 kW high power lithium ion battery enabling full hybrid functionalities and operated in Charge Sustaining (CS) mode.
In a second step, the ESS ageing evaluation is carried out in a loop implementing two major stages (Fig. 10): -simulation of the vehicle on its specific mission with the aim to determine the ESS constraints together with vehicle fuel economy and dynamic performances with the ESS gradually deteriorated; -evaluation of the ESS deterioration in capacity and internal resistance, implementing the equation previously described in Section 4.
This loop simulates the entire vehicle life; it will end when the vehicle is no more able to satisfy the requested driving mission. As far as HEV operated in CS mode are concerned, this condition may be more complex than the one defined for the EV case, which is generally a loss in capacity (20%) and consequently in range. For this considered case a vehicle dynamic performance criteria is added.
One could note that the simulation loop may take into account seasonal effects impacting ESS ambient temperature and vehicle auxiliaries loads (cabin climate control).
Results
In order to illustrate the program results, the case of a delivery vehicle operating in peri-urban conditions for 6 hours a day and 200 days per year is considered. Figure 11 illustrates the result obtained in capacity fade for the first 3 years of vehicle operation, i.e. an equivalent of 200 000 km covered, according to our hypothesis. Three different cases appear in Figure 11 : -two curves illustrate the response of the model if the minimum and maximum constraints of the planned experiment are applied. One may note on the one hand the influence of these constraints on capacity fade and on the other hand the limited impact, as compared with the accelerated tests illustrated in Figure 8 ; -the intermediate curve illustrates the actual simulated use case and it can be noticed that the "close to real life" constraints are not severe as compared to those implemented in our accelerated protocol. Simulation results representing a succession of stress and rest periods. Example of measurement and modeling of capacity fade in the frame of SIMCAL Project (c: calculation, m: measure).
The influence of the ambient temperature, which has been considered variable according to the seasons is observable in Figure 11 , the steepest part of the curves corresponding to the hottest summer season.
In this example, a three-year operation of the vehicle, in an intensive way, will lead to a capacity fade under 15% which is quite low and do not lead to any noticeable effects on vehicle fuel economy and dynamic performances in our simulations.
This difficulty in accessing battery-ageing effect on HEV charge sustaining vehicle behavior is confirmed by vehicle end of life testing carried out in the US these past years within the Freedom Car program [19] . The results highlighted the fact that, even after 250 000 km covered, a Prius NiMH pack had lost a large amount of its capacity but was still able to provide pulse power and the vehicle did not show any noticeable increase in fuel consumption. Indeed, in the CS HEV case the internal combustion engine can be operated in order to balance any modification in the way the ESS may behave.
One could notice that this vehicle simulation have been performed with a somehow oversized ESS, especially regarding its SOC window, which is maintained below 30% as it is generally the case for such applications. The application of the method described may enable to size the ESS much smaller, then cheaper, smaller and lighter, while securing the fact that it will last the expected life in operation.
CONCLUSION AND FURTHER WORK
In the frame of the SIMSTOCK program, which has now ended, very interesting results in the field of ESS ageing have been obtained. The main results are: -the empirical model developed in this paper represents the capacity ageing due to the lithium losses as a function of current, temperature, Ah throughput and SOC variation; -temperature is the predominant effect, before SOC variation, Ah throughput and current; -without stress, a possible capacity recovery is revealed in the ageing representation; -ageing estimation cannot be assessed by taking into account only the operating solicitations (cycling) but should considered also the calendar ageing; -time, rather than cumulated Ah, should be the variable to represent ageing. The battery ageing model was implemented in a simulation platform to represent the effect of battery ageing on fuel consumption of an hybrid vehicle.
The approach developed within the SIMSTOCK project seems promising; more investigations have to be conducted in order to validate the accuracy on a larger domain. The modeling method has been set up in order to be compatible with the results of the SIMCAL program, which focuses on the calendar ageing, reinforcing then the coherent approach of the partners.
The partners of the SIMSTOCK/SIMCAL network are willing to continue their collaboration setting up a Principle of ESS ageing evaluation on a vehicle. Figure 11 Evaluation of a battery capacity fade on a HEV.
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future program that may be launched in 2012 with the following main aims: -reinforce the aptitude of the mathematical formulation to take into account the cycling -calendar coupling for wider experimental conditions, especially regarding temperature effects; -define experimental protocols that use of current pattern that would be closer to actual use of ESS observed in vehicles; -take into consideration the request of the program final users (Renault, PSA, Valeo) towards more energetic battery cells that will enable PHEV and EV cases to be taken into account; -take into consideration the non-homogeneity of the numerous cells constituting the battery pack, especially considering their initial capacity and internal resistance and the way these parameters will evolve during the ageing process. The authors wish also to thank the French ADEME for their active support in these researches.
